Like other organs, the C. elegans gonad develops from a simple primordium that must undergo axial patterning to generate correct adult morphology. Proximal/distal (PD) polarity in the C. elegans gonad is established early during gonadogenesis by the somatic gonad precursor cells, Z1 and Z4. Z1 and Z4 each divide asymmetrically to generate one daughter with a proximal fate and one with a distal fate. PD polarity of the Z1/Z4 lineages requires the activity of a Wnt pathway that activates the TCF/LEF homolog pop-1. How the gonadal pathway controlling pop-1 is regulated by upstream factors has been unclear, as neither Wnt nor Dishevelled (Dsh) proteins have been shown to be required. Here we show that the C. elegans dsh homolog dsh-2 controls gonadal polarity. As in pop-1 mutants, dsh-2 hermaphrodites have Z1 and Z4 lineage defects indicative of defective PD polarity and are missing gonadal arms. Males have an elongated but disorganized gonad, also with lineage defects. DSH-2 protein is expressed in the Z1/Z4 gonadal precursor cells. Asymmetric distribution of nuclear GFP::POP-1 in Z1 and Z4 daughter cells is reversed in dsh-2 mutants, with higher levels in distal than proximal daughters. dsh-2 and the frizzled receptor homolog lin-17 have a strong genetic interaction, suggesting that they act in a common pathway. We suggest that DSH-2 functions as an upstream regulator of POP-1 in the somatic gonad to control asymmetric cell division, thereby establishing proximal-distal polarity of the developing organ. q
Introduction
The C. elegans gonad develops from a four-cell primordium that assembles during embryogenesis and contains two somatic precursor cells (Z1 and Z4) flanking two germ line progenitors (Z2 and Z3) (Kimble and Hirsh, 1979) . During larval development, cells derived from Z1 and Z4 proliferate, migrate, and differentiate, to form the mature elongated organ (Hubbard and Greenstein, 2000) . The adult male gonad, by contrast, has an asymmetrical, J-shaped structure.
The overall shape of the gonad is determined during the first larval stage (L1) when Z1 and Z4 begin to divide. The Z1 and Z4 daughters remain on either end of the gonad in hermaphrodites, generating a bilaterally symetrical primordium that later extends to the anterior and posterior, giving rise to two gonadal arms. In males, by contrast, the Z4 daughters migrate from the posterior to the anterior of the gonad to coalesce with the Z1 daughters, generating an asymmetrical somatic primordium that later extends only in one direction, giving rise to the single gonadal arm of the mature male gonad.
The proximal-distal (PD) axes of the gonad are established in both sexes by asymmetry in the first division of Z1 and Z4. Each of these cells divides to produce daughter cells with distinct proximal and distal fates. The distal daughters each generate a distal tip cell (DTC). The DTCs function in both sexes to promote germ cell mitotic proliferation (Kimble and White, 1981) . In hermaphrodites the two DTCs also function as gonadal leader cells during morphogenesis, with each DTC leading the migration of a growing gonadal arm (Kimble and White, 1981) . The proximal daughters generate cells with anchor cell (AC) potential in hermaphrodites, or linker cell (LC) potential in males. The AC induces vulval development in the underlying ventral hypodermis of hermaphrodites (Kimble, 1981) , whereas the LC functions as the single gonadal leader cell in males, leading extension of the J-shaped male gonadal tube (Kimble and White, 1981) . Although both the Z1 and the Z4 proximal daughters generate cells with AC or LC potential, lateral inhibition mediated by Notch signaling normally ensures that only one or the other produces an AC or LC (Greenwald, 1998) .
PD patterning in the somatic gonad has been shown to require Wnt and MAPK signaling factors. Genes required for asymmetric division of Z1 and Z4 include the frizzled receptor homolog lin-17, the b-catenin homolog wrm-1, the TCF/LEF transcription factor pop-1 and the mitogen activated protein kinase (MAPK) regulator lit-1 (Sawa et al., 1996; Siegfried et al., 2004; Siegfried and Kimble, 2002; Sternberg and Horvitz, 1988) . Wnt/MAPK activity is required for distal cell fates in Z1/Z4 daughters: reduced Wnt/MAPK activity causes Z1 and Z4 to divide symmetrically, with both daughters adopting proximal fates (Siegfried and Kimble, 2002) . This is termed the 'symmetrical sister' (Sys) phenotype, and is characterized by the formation of supernumerary ACs in hermaphrodites and LCs in males, and a corresponding deficit of distal tip cells in both sexes. In addition to known Wnt/MAPK components, several other genes genetically interact with pop-1 and play a role in PD axis formation in the gonad (Siegfried et al., 2004) . These genes may encode gonadspecific regulators or potentiators of Wnt/MAPK signaling.
Wnt/MAPK signaling in C. elegans controls a number of asymmetrical cell divisions in a variety of embryonic and larval cell types (Herman, 2002) . The Wnt/MAPK pathway in the gonad is unusual in three respects. First, the gonadal Wnt pathway establishes PD asymmetry, rather than anterior/posterior (AP) asymmetry as elsewhere in the larva. Second, in Z1 and Z4, active Wnt/MAPK signaling serves to activate pop-1 function rather than to inhibit it as in vertebrate Wnt pathways. Third, activation of pop-1 by the Wnt/MAPK pathway reduces the level of nuclear GFP::POP-1 (and presumably endogenous nuclear POP-1) in the distal Z1/Z4 daughters (Siegfried et al., 2004) .
Although some form of Wnt/MAPK pathway clearly is required for early C. elegans gonadogenesis, how this pathway is controlled remains poorly defined. In particular, genetics and RNAi analysis have failed to implicate a Wnt ligand in the gonad (Siegfried et al., 2004) , suggesting that this pathway may be either ligand-independent or controlled by a non-Wnt ligand. While one of the three frizzled homologs, lin-17, has a Sys phenotype, the lin-17 gonadal phenotype is milder than that of pop-1 and the roles of the three C. elegans dishevelled homologs in gonadal development have not been investigated (Siegfried et al., 2004; Siegfried and Kimble, 2002) . Thus it has been unclear how the gonadal pathway regulating pop-1 is controlled by upstream factors.
Here we show that dishevelled-2 (dsh-2) is a regulator of early gonadogenesis in C. elegans. dsh-2 mutants have phenotypes closely resembling those of pop-1 mutants. The gonads of dsh-2 hermaphrodites lack one or both gonadal arms. dsh-2 mutants of both sexes have abnormal Z1/Z4 lineages indicating defective PD axis formation: hermaphrodites lack DTCs and have extra ACs, while males have extra LCs,. Because they retain leader cells (LCs), dsh-2 mutant male gonads elongate properly, most have the usual J-shaped morphology, and some dsh-2 males are fertile. However, examination of specific cell types within the gonad revealed that internal gonadal structure is severely disorganized. Like pop-1, dsh-2 has a strong genetic interaction with lin-17, suggesting that the three genes act in a common pathway to control early gonadogenesis. Reporter analysis and antibody staining of wild-type embryos revealed that DSH-2 protein is expressed in Z1 and Z4, and we found that the asymmetric distribution of nuclear GFP::POP-1 in the Z1/Z4 daughters is reversed in dsh-2 mutants. From these results we conclude that DSH-2 regulates POP-1 asymmetry in gonadal precursor cells to establish the PD axis.
Results
In a screen for mutants with sex-specific defects in gonadal morphology (Chang et al., 2004) , we identified a number of mutations including ez25. ez25 hermaphrodites frequently lack one or both gonad arms, while males form a J-shaped gonad with grossly normal morphology. Genetic deficiency mapping and single nucleotide polymorphism (SNP) mapping placed ez25 on LGII near the Dsh homologs dsh-1 and dsh-2 (see Materials and methods). The ez25 phenotype is similar to that of pop-1, and no other known Wnt/MAPK pathway components are nearby. We therefore, tested whether ez25 might be a mutation in either dsh-1 or dsh-2. Sequencing of all dsh-1 and dsh-2 exons in genomic DNA from ez25 mutants identified a C-to-A transition in the fifth exon of dsh-2, changing a TCA (Ser) codon to TAA and introducing a premature stop codon. The dsh-2 locus is predicted to encode a Dsh protein containing conserved DIX, PDZ and DEP domains. The stop codon introduced by the dsh-2(ez25) mutation immediately precedes the PDZ domain, a critical domain in other dishevelled proteins, suggesting that ez25 may be a strong loss-of-function mutation or null allele. We also obtained a second dsh-2 allelle, dsh-2(or302), a deletion allele generated by G. Ellis and B. Bowerman (personal communication) and found that it has a similar gonadal phenotype (Table 1) .
dsh-2 Hermaphrodites have early gonadal morphogenesis defects
To test whether dsh-2 might control the same events in early gonadal development as pop-1, we further analyzed the dsh-2 phenotype. Wild-type hermaphrodites have two elongated symmetrical gonadal arms (Fig. 1A ) but dsh-2 mutants frequently lack one or both gonadal arms. 34% of dsh-2(ez25) and 43% of dsh-2(or302) hermaphrodites are missing both gonadal arms and 46% of dsh-2(ez25) and 43% of dsh-2(or302) mutants lack one gonadal arm (Fig. 1B ,C, Table 1 ). The slightly weaker phenotype of ez25 relative to or302 suggests that ez25 may retain some DSH-2 function. The gonadal remnant present in animals with no arm extension is disorganized and hence it is difficult to distinguish what tissues are present (Fig. 1B,C) . In animals (n677) missing one gonadal arm, the gross structure of the remaining arm is well organized and includes a uterus, spermatheca, and differentiating germ cells ( Fig. 1B and data not shown). Many dsh-2(ez25) hermaphrodites are fertile, but they produce only 5-10 embryos each. dsh-2(or302) animals are slightly less fertile than dsh-2(ez25). We conclude that dsh-2 mutants, like pop-1 mutants, have early gonadogenesis defects that result in missing gonadal arms but that dsh-2 is not essential for fertility or gonadal arm development. The lack of gonadal arms in dsh-2 hermaphrodites suggested that DTCs, which act as leader cells to guide elongation of the growing gonadal arms (Kimble and White, 1981) , are either missing or non-functional, as in pop-1 mutants. The DTCs can be identified as crescent-shaped cells that strongly express lag-2::gfp (Siegfried and Kimble, 2002) . In wild-type hermaphrodites lag-2::gfp is expressed in DTCs at both ends of the growing gonadal arm (Fig. 2C) . By contrast, most dsh-2(ez25) hermaphrodites lack one (54%) or both (28%) of the DTCs (NZ50; Fig. 2D ). The frequency of missing DTCs in dsh-2(ez25) closely correlates with the frequency of missing gonadal arms, and thus is likely to contribute to that defect.
Defects in PD axis formation also result in supernumerary ACs. We therefore examined the number of ACs produced by dsh-2 hermaphrodites using the AC marker cdh-3::gfp (Pettitt et al., 1996) . Wild type hermaphrodites have a single AC (Kimble and Hirsh, 1979) , and express cdh-3:gfp at high levels in one gonadal cell at the early L3 stage ( Fig. 2A) . By contrast, dsh-2(ez25) hermaphrodites contain a variable number of cdh-3::gfp expressing gonadal cells, with 60% possessing one, 38% possessing two, and 2% possessing three (NZ52) (Fig. 2B) . We conclude that dsh-2 hermaphrodites have early gonadal lineage defects leading to missing DTCs and extra ACs, suggesting that dsh-2 plays a role in PD axis formation.
dsh-2 Genetically interacts with the frizzled homolog lin-17
Based on phenotypic similarities and genetic interaction, pop-1 has been proposed to act downstream of lin-17, one of the three C. elegans frizzled homologs. We therefore, asked whether dsh-2 interacts genetically with lin-17. As shown above, most dsh-2 mutant hermaphrodites have zero or one gonadal arms, while a majority of lin-17 hermaphrodites have two gonadal arms. By contrast, all lin-17; dsh-2 double mutants examined lacked both arms (Table 1) . This strong genetic enhancement is consistent with dsh-2 and lin-17 acting through a common pathway to control pop-1. 2.3. dsh-2 male gonads are elongated but have abnormal cell lineages and tissue organization Most dsh-2 males have J-shaped gonads similar to those of wild type males (73%, NZ100). However, at the tissue level all dsh-2 male gonads are disorganized, with somatic cells and germ line cells misplaced within the gonad (NO100) (Fig. 1E,F) . To visualize this, we used the male gonadal cell marker ezIs1 (Chang et al., 2004) . In wild-type males, ezIs1 is expressed in the seminal vesicle and adjacent vas deferens cells in a single region near the middle of the gonad (Fig. 1G) . However, in dsh-2(ez25) male gonads ezIs1 expression is frequently observed in several clusters of cells, and these cells occur in variable locations, ranging from near the proximal tip of the gonad to near the tail. Despite these defects, some dsh-2 males can sire progeny (5/20 matings).
In pop-1 mutant males, PD axis defects result in supernumerary LCs. To assess whether dsh-2 males also have PD axis defects, we therefore assayed the number of LCs. The LC in wild type males is evident as a large round cell at the growing end of the gonad and strongly expresses lag-2::gfp (Fig. 2E) . Most dsh-2 males have a single LC that guides the growing gonadal arm and is engulfed when it makes a connection with the cloaca, as in wild-type (86% NZ49). However, we also observed animals with two LCs (14% NZ49, Fig. 2F ). In these animals, one LC does not get engulfed and persists into the late L4 and adult stages (Fig. 2F) . As in hermaphrodites, the male dsh-2 phenotypes we observe are consistent with PD axis defects and resemble those of pop-1 mutants.
DSH-2 is expressed in the early gonad
POP-1 is expressed in the early somatic gonad and is required for proper polarity of the first Z1 and Z4 divisions. The phenotype of dsh-2 suggests that it plays a role similar to that of pop-1, and by analogy to other Wnt pathways DSH-2 is likely to regulate POP-1. We therefore tested whether dsh-2 is expressed in the developing gonad at the time of POP-1 action, using a dsh-2::gfp transcriptional reporter and antibodies raised against DSH-2 protein (Hawkins et al., 2003; Walston et al., 2004) . We detected both dsh-2::gfp and DSH-2 protein in Z1 and Z4, demonstrating that both the mRNA and protein are present at the early stages of gonadal development (Fig. 3) . By either detection method, expression in Z1/Z4 was very weak (Fig. 3B,D) , and many early L1 animals had undetectable staining. Indeed, out of several hundred L1 larvae examined, we observed expression in Z1/Z4 in about 25. Additionally, in animals with expression in both Z1 and Z4, we often observed dramatic differences in staining intensity between the two cells. Presumably these results indicate that DSH-2 expression is dynamic in the early somatic gonad. We also detected expression in the distal tip cell in L2 hermaphrodites (Fig. 3F) , but did not detect any expression later than the L2 stage (data not shown). DSH-2 staining in the gonad is punctate, and higher levels of DSH-2 are often evident at the cell cortex (Fig. 3D,F) . Localization of Dsh to the cell cortex in some situations depends on Wnt signaling (Axelrod et al., 1998; Rothbacher et al., 2000; Yang-Snyder et al., 1996) . These results indicate that DSH-2 is properly localized for functional interaction with a Frizzled receptor on the cell surface of Z1/Z4.
DSH-2 controls asymmetric localization of POP-1 in the somatic gonad
The results described thus far suggest that DSH-2 is likely to act as an upstream activator of POP-1 in the early somatic gonad, regulating PD polarity of Z1 and Z4. As a direct test of this model, we examined the localization of POP-1 in dsh-2 mutant gonads. Antibodies to POP-1 do not stain the somatic gonad, so instead we used a transgene expressing GFP::POP-1 under control of the sys-1 promoter (Siegfried et al., 2004 ) to compare GFP::POP-1 levels in wild type with those in dsh-2/C heterozygotes and dsh-2 homozygous mutants (Fig. 4) . As expected, in wild type L1 hermaphrodites GFP::POP-1 levels were slightly higher in the proximal than in the distal Z1/Z4 daughters (Fig. 4A,B ) (Siegfried et al., 2004) . Reducing the dose of dsh-2 by a half (dsh-2/C) resulted in nuclear GFP::POP-1 levels that are approximately equal between proximal and distal Z1/Z4 daughters (Fig. 4C,D) . Strikingly, nuclear GFP::POP-1 asymmetry was reversed in dsh-2 homozygotes, and was detectable only in the distal Z1/Z4 daughters (Fig. 4E,F ). These results demonstrate that DSH-2 is essential for normal asymmetry of nuclear POP-1 in the Z1/Z4 daughters.
Discussion

DSH-2 regulates a gonadal Wnt/MAPK pathway
Several Wnt/MAPK pathway components previously have been shown to regulate gonadal polarity and differentiation in C. elegans. Here we have demonstrated a role for the upstream regulator DSH-2 in early gonadal development of both sexes. dsh-2 mutants have phenotypes similar to those of pop-1 with respect to Z1/Z4 cell fates and gonadal morphology. DSH-2 is expressed in Z1 and Z4 and is required for normal asymmetric nuclear distribution of GFP::POP-1 in Z1/Z4 daughters. Together these results demonstrate that dsh-2 acts upstream of pop-1 to regulate early gonadogenesis.
Our work demonstrates that dsh-2 functions in the gonadal Wnt/MAPK pathway that regulates POP-1 and thus presumably controls gene expression in the early somatic gonad. Studies in other systems, primarily Drosophila and Xenopus, have shown that Dsh proteins also can function in planar cell polarity (PCP) pathways to regulate cytoskeletal organization (Boutros and Mlodzik, 1999; Wharton, 2003) . The involvement of dsh-2 in gonadal development therefore, also raises the possibility that a PCP-like pathway may function in the early gonad.
DSH-2 regulates GFP::POP-1 and cell fate asymmetry
Mutations in pop-1 or its activators can cause the loss of cell fate asymmetry in the Z1/Z4 daughters, and RNAi depletion of lit-1 or wrm-1 disrupts the normal asymmetric distribution of nuclear GFP::POP-1 in these cells (Siegfried et al., 2004) . We have found that DSH-2 similarly regulates cell fate asymmetry in the Z1 and Z4 lineages. Unexpectedly, however, the distribution of nuclear GFP::POP-1 in dsh-2 mutants is not equalized, but rather the normal polarity is reversed, with a higher concentration in the distal instead of the proximal daughters. This reversal of GFP::POP-1 polarity does not appear to reflect a reversal of the PD axis in the Z1/Z4 daughters, as the defects we observed in DTC, AC, and LC numbers are indicative of both daughters adopting proximal fates. Instead it appears that DSH-2 is required both for proper asymmetry of nuclear POP-1 levels and for activation of POP-1 protein in the distal Z1/Z4 daughters.
As described earlier, activation of pop-1 in the gonadal Wnt/MAPK pathway coincides with lower nuclear GFP::POP-1 concentration, and RNAi against either lit-1 or wrm-1 results in higher GFP::POP-1 in the distal Z1/Z4 daughters (Siegfried et al., 2004) . Our finding in dsh-2 mutants of higher nuclear GFP::POP-1 in the distal daughters, therefore, is not unexpected. What is more puzzling is why a dsh-2 mutation should also lead to reduced nuclear GFP::POP-1 in the proximal daughters. One possibility is that DSH-2 not only activates POP-1 in the distal daughters, but also antagonizes a mechanism that preferentially segregates POP-1 into the distal daughters.
Why inhibit a mechanism that promotes POP-1 accumulation into the very cells in which it is required? Siegfried et al. (2004) have proposed that nuclear POP-1 function is compromised when the protein accumulates above a certain level, perhaps due to limiting levels of an essential coregulator or modifying enzyme. Thus it may be important not only to activate POP-1, but also to restrict its concentration. It is important to note three caveats to these arguments. First, these interpretations assume that POP-1 acts cell-autonomously within the early Z1/Z4 lineage. Second, GFP::POP-1 may not perfectly reflect the behavior of endogenous POP-1. Third, our experiments and those of Siegfried et al. (2004) determined relative levels of GFP::POP-1 between sister nuclei, but not absolute levels; thus it remains possible that GFP::POP-1 is reduced in the proximal Z1/Z4 daughters of dsh-2 mutants rather than elevated in the distal daughters. Nonetheless, DSH-2 activity clearly is essential both for the normal asymmetry of nuclear GFP::POP-1 and for PD cell fate asymmetry in the Z1 and Z4 daughters.
The gonadal Wnt/MAPK pathway may have multiple branches
While the gonadal defects in dsh-2 mutants are very similar to those in pop-1 mutants, the penetrance of the dsh-2 phenotype is lower than that of the partial loss-of-function mutation pop-1(q645). The two dsh-2 mutations we have analyzed appear to be null or nearly null, based on genetic and molecular analysis. A likely explanation is that at least one of the other two C. elegans Dsh homologs acts redundantly with DSH-2 in the gonad, as is the case in control of embryonic mitotic spindle orientation (Walston et al., 2004) .
Further evidence for redundancy in the pathway comes from the genetic interaction we observed between lin-17 and dsh-2. LIN-17 has been suggested to be the primary Frizzled receptor active in the gonad (Siegfried and Kimble, 2002) . However, lin-17 mutants have milder gonadal phenotypes than those of either pop-1 or dsh-2. This may indicate that a second frizzled gene also regulates pop-1. Alternatively, if lin-17 is the only active Frizzled receptor, the stronger phenotype of dsh-2 implies that activation of the gonadal Wnt pathway can be either frizzled-dependent or frizzledindependent. Such a possibility is consistent with the failure to implicate Wnt proteins in the gonadal pathway. However, we found that the gonadal defects in dsh-2; lin-17 double mutants are more severe than in either single mutant, completely eliminating gonadal arm formation. Because the dsh-2(ez25) mutation appears to be null or nearly so, this result is hard to reconcile with a model in which the two genes function in the same linear pathway. A simple alternative model is that LIN-17 and DSH-2 act in parallel, in separate and partially redundant branches of the same pathway. In this model, the lin-17 and dsh-2 mutations would each inactivate one branch of the pathway leading to pop-1, but the double mutation would inactivate both. This model can explain the strong requirement for lin-17 in dsh-2 mutants, but it does not exclude the possibility that dsh-2 activates pop-1 via a frizzled-independent signal.
Conclusion
With our observation that dsh-2 is required for gonadal development, it is now possible to draw a more complete picture of Wnt/MAPK signaling in gonadogenesis. DSH-2 transduces upstream signals and activates pop-1 in a Wnt/MAPK pathway, controlling the asymmetry of POP-1 and of cell fates in the early somatic gonad. DSH-2 is present at the cortex in Z1 and Z4, where it can potentially respond to signaling ligands. However, the nature of the signal and how it is transduced to DSH-2 in these cells remain unclear, as no Wnt ligand has been shown to play a role in the gonadal Wnt/MAPK pathway. Dsh proteins have been found to physically interact with about twenty other proteins (Wharton, 2003) , many of which are potential regulators of asymmetric cell division and cell fate asymmetry. The involvement of DSH-2 therefore should facilitate the identification of other key regulators that control early gonadogenesis.
Materials and methods
Strains and genetic methods
C. elegans strains were cultured and genetically manipulated as described previously (Sulston and Hodgkin, 1988) . Strains were maintained and experiments conducted at 20 8C unless otherwise stated. Some strains harbor a him-8(e1489) (himZhigh incidence of males) mutation. The following mutations were used in this study: dsh-2(ez25), dsh-2(or303) (gift of Bruce Bowerman, University of Oregon) and lin-17(n677). The following integrated transgene arrays were used: qIs56[lag-2::gfp, unc-119C]V; ezIs1[K09C8.2::gfp, pRF4]X; qIs74[gfp::pop-1(fl), unc-119 C ]; and syIS50[cdh-3::gfp, dpy-20C]. In addition the hkEX16 extrachromosomal transgenic array (Hawkins et al., 2003) was used.
dsh-2 mutations were maintained in trans to the balancer mIn1[dpy-10(e128) mIs14]II, where mIs14 carries the integrated array of ccEx9747. ccEx9747 is an extrachromosomal array composed of three GFP constructs, one driven by an intestine-specific enhancer and the others by the myo-2 and pes-10 pharynx-specific promoters (Edgley and Riddle, 2001 ). Heterozygotes were identified as animals of normal size with GFP expression in the pharynx and intestine, and mutants were identified as animals of normal size lacking GFP expression in these tissues.
4.2. Isolation, mapping, and genetic manipulation of dsh-2 mutations dsh-2(ez25) was isolated in a screen of F2 progeny of EMS-treated (Sulston and Hodgkin, 1988) him-8(e1489) hermaphrodites carrying the integrated array ezIs1, which contains the male seminal vesicle and vas deferens marker K09C8.2::gfp (Chang et al., 2004) . K09C8.2 was identified in a cDNA microarray screen for sex-enriched L4 mRNAs, comparing phenotypic hermaphrodites (wild type N2) with pseudomales (tra-2; xol-1) (K.T., W. Yi, J. Ross, S. Kim, V. Reinke, and D.Z., submitted). Mutant males with abnormal or absent K09C8.2::gfp expression were identified using a Nikon dissecting microscope with fluorescence optics. The dsh-2(ez25) was isolated based on unorganized K09C8.2::gfp expression in males.
The ez25 mutation was mapped between lin-31 and unc-4 on LGII by three-factor mapping, and further localized by deficiency mapping. The deficiencies nDf3, ccDf4, and ccDf3 complemented ez25, while ccDf2, ccDf5, and maDf4 failed to complement.
Male fertility assay
dsh-2(ez25); him-8 homozygous males were plated in groups of five with five unc-119 hermaphrodites. Five of twenty such crosses resulted in non-Unc progeny.
Molecular analysis of dsh-2 alleles
Template DNA for sequencing was made by amplifying exons from genomic DNA prepared from N2 or dsh-2(ez25) animals using the ExpandLonge PCR System (Roche). Three independent PCR reactions were sequenced from each strain using Big-Dye Terminator Ready Reaction Mix (PE/Applied Biosystems). Sequencing of dsh-2(ez25) DNA identified a C-to-A mutation in the fifth exon at C1261 bp relative to the ATG start site. Sequencing of dsh-2(or302) DNA identified a 1 kb deletion from C503 to C1073 relative to the translational start site of dsh-2.
Antibody staining
Mixed stage animals were washed off plates, rinsed with M9, and fixed and permeabilized as described by Finney and Ruvkun (1990) . Affinity-purified rat anti-DSH-2 antiserum (Walston et al., 2004 ) (gift of Nancy Hawkins and Gian Garriga) was used at a 1:250 dilution. The secondary FITC-conjugated goat anti-rat antibodies were used at 1:50 dilution.
